Modulating transcription factors is crucial to executing sophisticated gene expression programs. The silent information regulator 2 (Sir2) family of NAD-dependent protein deacetylases influences transcription by targeting proteins such as histones, p53 and forkhead-box family transcription factors. Although apparently cytoplasmic, both mammalian SIRT2 and its yeast orthologue Hst2 have been implicated in transcriptional regulation. Here, we show that Hst2 moves between the nucleus and cytoplasm, but is largely cytoplasmic owing to efficient nuclear export. This nuclear exclusion is mediated by the exportin chromosomal region maintenance 1 (Crm1) and a putative leucine-rich nuclear export sequence in Hst2, which overlaps a unique autoregulatory helix. Disruption of Hst2 export shows that nuclear exclusion inhibits the activity of Hst2 as a transcriptional repressor. Our identification of putative nuclear export sequences in numerous vertebrate SIRT2 proteins shows that active nuclear export can be a conserved mechanism for regulating Sir2 homologues.
INTRODUCTION
Several members of the silent information regulator 2 (Sir2) family (sirtuins), which are defined cytologically as cytoplasmic proteins, also influence nuclear transcription. For example, although sirtuin 3 (SIRT3) in mice localizes to the inner mitochondrial membrane, it affects the nuclear expression of transcription factors crucial to mitochondrial function (Shi et al, 2005) . Human SIRT2 is a predominantly cytoplasmic tubulin deacetylase; however, it can associate with the homeobox transcription factor HOXA10 in both the cytoplasm and the nucleus (Afshar & Murnane, 1999; North et al, 2003; Bae et al, 2004) . In Saccharomyces cerevisiae, homologue of sir two 2 (Hst2) seems to be localized to the cytoplasm even when coupled to a nuclear localization signal (Perrod et al, 2001) . This is in contrast with molecular and genetic evidence that Hst2 deacetylates histones in vivo and participates in the transcriptional repression of flocculation 10 (FLO10) through direct binding of its promoter (Vaquero et al, 2006; Halme et al, 2004) . Furthermore, although no defects have been reported for hst2D single mutants, overexpression of HST2 influences transcriptional silencing and recombination in the ribosomal DNA array, and might contribute to the effects of caloric restriction and ageing in the absence of SIR2 (Perrod et al, 2001; Lamming et al, 2005) . Indications that Hst2 and other predominantly cytoplasmic sirtuins might modulate nuclear processes prompted further investigation of the role and regulation of Hst2 in vivo.
RESULTS AND DISCUSSION Hst2 is actively exported from the nucleus
Hst2 is a 40 kDa globular protein that resembles in size and shape other proteins that are known to diffuse freely through the nuclear pore (Shulga et al, 2000) . The nuclear exclusion of Hst2 suggests that it might be prevented from entering the nucleus as part of a large cytoplasmic complex or that it might enter the nucleus but be actively returned to the cytoplasm. Size-exclusion chromatography on yeast lysate indicates that the majority of Hst2 is monomeric in vivo ( supplementary  Fig 1 online) ; therefore, exclusion of Hst2 from the nucleus is not solely due to its participation in a multimeric complex in the cytoplasm.
To investigate whether full-length Hst2 enters the nucleus, we evaluated its localization in cells treated with the nuclear export poison leptomycin B (LMB), which specifically inhibits the conserved exportin 1 (Xpo1)/chromosomal region maintenance 1 (Crm1). To evaluate export efficiency in budding yeast, we used the 'humanized' CRM1T539C allele, which is fully export competent and LMB sensitive (Neville & Rosbash, 1999) . Using a 1-h drug treatment that maintains cell viability but allows for substantial equilibration between the nucleus and cytoplasm (Neville & Rosbash, 1999) , Hst2 showed diffuse staining across the entire cell with partial enrichment in 4 0 ,6-diamidino-2-phenylindole (DAPI) staining areas in CRM1T539C cells (Fig 1) . In control experiments, Hst2 remained cytoplasmic in LMBinsensitive CRM1 cells and CRM1T539C cells exposed only to an ethanol solvent (Fig 1) . Thus, Hst2 transits through the nucleus, but rather than being retained, it normally undergoes efficient, Crm1-dependent nuclear export.
Nuclear export signal overlaps an autoregulatory helix
Crm1 recognizes a leucine (L)-rich nuclear export sequence (NES) of the form LX 2À3 LX 2À3 LXL (Bogerd et al, 1996) . Analysis using the NetNES 1.1 prediction program (la Cour et al, 2004 ) identified a putative Hst2 NES from amino acids 306 to 317 (Fig 2A) . This predicted export signal overlaps the a13 helix and may compete for the NAD binding site (Zhao et al, 2003) .
To confirm whether the predicted NES is functional, we assessed the localization of two Hst2 mutants. HST2-D298 contains amino acids 1-298, with the entire carboxy-terminal extension deleted, including the a13 helix. In contrast with wild type, HST2-D298 staining was specifically enriched in DAPI staining areas, indicating a predominantly nuclear localization for this mutant (Fig 2B) . The presence of HST2-D298 in the nucleus confirms that the C-terminal extension of Hst2 is a crucial determinant of its subcellular localization. In further support of the predicted NES, we characterized the HST2-NES mutant in which the two most crucial hydrophobic residues in the NES were altered without disrupting the sequence of the a13 helix (Fig 2B) . Similar to HST2-D298, Hst2 staining in the HST2-NES mutant was significantly enriched in the nuclear DAPI staining areas when compared with wild type (Fig 2B) . From these results, we conclude that the putative NES is required for efficient nuclear export.
Export negatively regulates Hst2 function
To evaluate the physiological significance of the nuclearcytoplasmic shuttling of Hst2, hst2D and NES-deficient alleles of HST2 were characterized functionally. Because single hst2D mutants have no reported defects under standard growth conditions, we carried out an extensive phenotypic survey (Hampsey, 1997) . This analysis showed that cells lacking HST2 had at least 25-fold greater resistance to the translational poison cycloheximide (CHX) compared with wild-type cells (Fig 3A) . In marked contrast with the resistance of the null mutant, expression of either HST2-D298 or HST2-NES led to increased sensitivity to CHX (Fig 3B) . When compared with cells bearing lowcopy centromeric (CEN) plasmids, CHX sensitivity was further enhanced by overexpression of the mutant constructs from high-copy 2m vectors.
Nuclear-localized HST2 mutants caused dominant, dosagedependent sensitivity to CHX, which is in contrast with the phenotype of hst2D. This suggests that hyper-accumulation of Hst2 enhances its normal activity in the nucleus. To confirm that the effects of nuclear Hst2 mutants were due to increased Hst2 deacetylase activity in this region, we analysed the HST2* mutants with the crucial point mutation H135Y, analogous to the catalytically inactive sir2-H364Y mutant (Tanny et al, 1999; Imai et al, 2000) . This mutation in the catalytic core of Hst2 negated sensitivity to CHX caused by point mutations in the NES (Fig 3C) . This confirms that the accumulation of Hst2 in the nucleus enhances its overall activity.
Because CHX can inhibit rDNA transcription in vivo by limiting association of transcription factors with RNA pol I (Cavanaugh et al, 2002) , the relative resistance of hst2D cells independently reinforces evidence that Hst2 is important for rDNA silencing and integrity (Perrod et al, 2001; Lamming et al, 2005) . To asses directly the impact of NES-deficient HST2 alleles on rDNA silencing, we used a yeast strain with a uracil requiring 3 (URA3) reporter gene integrated into a single rDNA repeat (Smith & Boeke, 1997) . HST2-D298 and HST2-NES alleles caused a marked increase in rDNA silencing, as indicated by their impaired growth in medium without uracil (Fig 3D) . Again, the effect of the HST2-NES allele was abrogated by a crucial mutation in the catalytic core. This establishes a model in which the nuclear activities of the most abundant and enzymatically active yeast sirtuin (Smith et al, 2000; Huh et al, 2003) are restricted by efficient removal from the nucleus.
Regulating sirtuins by nuclear export
Regulation by nuclear exclusion, as shown here, has not been studied previously for Sir2 family enzymes; however, it is almost certainly not restricted to Hst2. We identified well-conserved, putative NESs in the amino-terminal extensions of numerous vertebrate SIRT2 proteins (Fig 2C; la Cour et al, 2004) . This motif has been independently identified and verified as a functional NES in human SIRT2 by mutational analysis and LMB challenges (B.J. North & E. Verdin, personal communication) . Furthermore, supporting the hypothesis that SIRT2 might act as a transcriptional regulator that shuttles between the nucleus and cytoplasm, a small nuclear pool of SIRT2 has been identified and the protein associates with the transcription factor HOXA10 in both cellular compartments ( functionally characterized, a potential NES has been noted in the C terminus of the cytoplasmic sirtuin of Leishmania infantum (Ouaissi, 2003) and a similar sequence exists in its orthologue in Leishmania major (data not shown).
Speculation
The presence of demonstrated or predicted nuclear export signals in virtually all 'cytoplasmic' sirtuins supports the idea that these deacetylases have nuclear roles and that export is a conserved mechanism for their regulation. Indeed, several other chromatinmodifying enzymes, such as the class IIa histone deacetylases and the protein arginine methyltransferase 1 (PRMT1), undergo dynamic subcellular localization Herrmann et al, 2005) . As knowledge of chromatin modifiers increases, we expect that other factors-the localization of which contradicts their enzymatic role-are regulated by nuclear exclusion. Many mammalian Sir2 family members are implicated in disease. SIRT1 and SIRT3 modulate metabolic pathways linked to diabetes, but the mechanism by which the mitochondrial SIRT3 enzyme influences nuclear transcription factors is unknown (Yechoor et al, 2004; Moynihan et al, 2005; Rodgers et al, 2005; Shi et al, 2005) . It has also been proposed that influences on p53, insulin levels and caloric restriction pathways might allow SIRT1, SIRT2 and SIRT3 to moderate neurodegenerative disorders such as Alzheimer's disease and Huntington's disease (Anekonda & Reddy, 2006) . Indeed, SIRT2 is highly expressed in neural tissue and is downregulated in a common form of brain malignancy (Afshar & Murnane, 1999; Hiratsuka et al, 2003; Yu et al, 2005) . As the findings of our study are extended to mammalian models, manipulation of the subcellular localization of Sir2 enzymes might prove to be a potent mechanism for moderating their effects on serious human illnesses.
METHODS
Yeast methods. Yeast strains and plasmids are given in the supplementary information online. Standard procedures were used as described previously (Amberg et al, 2005) unless indicated. Antiserum. Full-length recombinant Hst2 was expressed and purified as described previously (Landry et al, 2000) , with the substitution of TALON affinity resin (Clontech, Palo Alto, CA, USA). Polyclonal antisera were raised in rabbits against this antigen using standard protocols (Harlow & Lane, 1998) . Immunofluorescence microscopy. hst2D strain LPY6623 was transformed with plasmids bearing HST2 or mutant constructs. LMB (KOSAN Biosciences Inc., Hayward, CA, USA) was added to exponentially growing cultures at a final concentration of 100 ng/ml followed by a 1 h incubation at 30 1C. Immunofluorescence was carried out (Stone & Pillus, 1996; Garcia & Pillus, 2002 ) using a 1:200 dilution of 663-4 anti-Hst2 serum. Microscopic images, spaced at 0.2 mm increments, were collected and deconvolved as described by Rubio & Pogliano (2004) . Sequence analysis. All sequence analyses were carried out using the entire open-reading frame for each protein and processed by NetNES1.1 or Clustal W. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
